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LIFT, DRAG, AND PITCHING MOMENT OF LOW-ASPECT-RATIO WINGS 
AT SUBSONIC AND SUPERSONIC SPEEDS - COMPARISON OF THREE 
WINGS OF ASPECT RATIO 2 OF RECTANGULAR, SWEPT-BACK, 
AND TRIANGULAR PLAN FORM, INCLUDING EFFECTS OF 
THICKNESS DISTRIBUTION 


By Ronald C. Hightower 
SUMMARY 


The aerodynamic characteristics of three wing-body combinations 
employing wings of aspect ratio 2, of rectangular, swept-back, and 
triangular plan form are compared at subsonic and supersonic speeds. 
All three wings had 3-percent-thick airfoil. sections, The rectangular 
and swept-back wings were investigated with both biconvex and rounded- 


„nose airfoil secti The latter were obtained by replacing the portion 
O e biconvex sections forward of the midchord location with a semi- 


ellipse of minor axis equal to the airfoil maximum thickness, The 
triangular wing was composed of NACA 0003-63 airfoil sections. 


The test Reynolds numbers were 1.8 million and h.l million for the 
rectangular wing, 1.9 million and 4.8 million for the swept-back wing, 
and 3.0 million and 7.5 million for the triangular wing. Most of the 
data were obtained in the range of Mach numbers from 0.61 to 0.93 and 
from 1.20 to 1.90. Data were not obtained for the complete Mach number 
range for the triangular wing and for the other wings at the higher 
Reynolds numbers. 


The variation from rectangular to swept-back to triangular plan 
form influenced the aerodynamic characteristics in the following manner: 


1. Reduced the lift-curve slope 

2. Reduced the center-of-pressure travel with Mach number 

3. Reduced the minimum drag coefficient at supersonic speeds 
i, Increased the maximum lift-drag ratio at supersonic speeds 


The airfoil-section thickness distribution had a significant effect 
on the drag characteristics of the rectangular and swept-back wings. 
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The minimum drag coefficients of the wings with rounded-nose sections 
were lower than those of the wings with biconvex sections at all subsonic i 
speeds and at supersonic speeds for which the Mach number is less than — 
that for the attachment of the bow wave to the sharp leading edge of the 
biconvex section. 


il 


INTRODUCTION | ! "e 


A research program is in progress at the Ames Aeronautical Laboratory 
to ascertain experimentally at subsonic and supersonic Mach numbers the 
aerodynamic characteristics of wings of interest in the design of high- 
speed airplanes. The effects of variations in plan form, twist, camber, 
and thickness are being investigated. The resulta of this program to . db aioe 
date are presented in references 1 to 16. These results showed that 
plan form was one of the primary factors influencing the characteristics 
of wings in the high-subsonic and supersonic speed ranges. This report 
compares three wings of aspect ratio 2 of rectangular, swept-back, and 
triangular? plan form. The effects of modifying biconvex airfoil sections 
to rounded-nose sirfoil sections on the characteristics of the rectangular 
and swept-back wings are also presented. 


NOTATION | i ELM CE 

b wing span I 
" f b/2 dy 
c mean aerodynamic chord, -9 

pole c dy 

2 
c local wing chord 
i length of body including portion removed to accommodate sting 
L/D lift-drag ratio | n 


(L/D) nex maximum lift-drag ratio 


M Mach number | DA aut T tee 

q free-stream dynamic pressure 

1 | "EN 
Data for the triangular wing were presented in reference l. E 
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R Reynolds number based on the mean aerodynamic chord 

r radius of body l - 7 

ro maximum body radius 

S total wing area, including area formed by extending leading 
and trailing edges to plane of symmetry 

x . longitudinal distance from nose of body 

y |) spanwise distance from the vertical plane of symmetry 

22 angle of attack of body axis, deg 

Cp drag coefficient, drag/qS 

CD in minimum drag coefficient 

Cr lift coefficient, lift/as 

Cm ` pitehing-moment coefficient referred to quarter point of mean 
aerodynamic chord, pitching moment/qgc 

dC : 

ACC NE slope of the lift curve measured in the range of lift 

da coefficients from -0.1 to +0.1 


APPARATUS 


Wind Tunnel and Equipment 


The experimental investigation was conducted in the Ames 6- by 6-foot 
supersonic wind tunnel. TIn this wind tunnel, the Mach number can be 
varied continuously and the stagnation pressure can be regulated to main- 
tain a given test Reynolds number. The air is dried to prevent formation 
of condensation shocks. Further information on this wind tunnel is pre- 
sented in reference IT. 


The models were sting mounted in the tunnel, the diameter of the 
Sting being about 93 percent of the diameter of the body base. The pitch 
plane of the model support was horizontal. The lh-inch-diameter, four- 
component, strain-gage balance, described in reference 18, was enclosed 
within the bodies of the models and was used to measure the aerodynamic 
forces and moments. 
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Models 


Plan and front views of the models and certain model dimensions are 
given in figure 1. (The dimensions of the triangular-wing model of | 
ref. l are also given for convenience.) The biconvex profile and the 
rounded-nose modification of the rectangular and swept-back wings are 
illustrated in figure 2. The triangular wing was constructed of solid . 
steel. The basic rectangular and swept-back wings with biconvex sections 
were also of steel, and were modified by adding bismuth-tin alloy forward 
of the midchord locations to obtain the rounded-nose sections. The pro- 
file of the rounded-nose section forward of the. midchord location was 
elliptical; the tangent to the airfoil section at the midchord location 
was horizontal. The bodies used in the tests were constructed of steel 
and aluminum, The surfaces of the bodies and wings were polished smooth. 
Other geometric characteristics of the models are tabulated aa follows: 


Wings 


IET p 


Aspect ratio 

Taper ratio | 

Sweepback of leading edge, 
deg 

Total area, S, sq ft | 

Mean aerodynamic chord, ë, ft 


n 
HE orm 
N UI 


Dihedral, dd 

Camber 

Twist, deg 

Incidence, deg 

Distance, wing-chord plane 
to body axis, ft 


8 


0030 
M 


O 


3% thick, 3% thick, 

Airfoil section biconvex biconvex 

(streamwise } 3% thick, 3% thick, 
rounded nose | rounded nose 
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Bodies 


Wing plan form Swept back | Triangular 


Fineness r&tio (based upon 
length 2, fig. 1) 
Cross-section shape 
Meximum cross-sectional 
&rea, sq ft 
Ratio of maximum cross- 
sectional area to wing area 


12.5 
Circular 


12.5 
Circular 


0.204 
0.0509 


0.123 


O 0509 


TESTS AND PROCEDURE 


Renge of Test Varisbles 


The lift, drag, and pitching moment of the models were measured at 
angles of attack from approximately -O to 1170. The results were 
obtained at Reynolds numbers of 1.8 million and 4.4 million for the 
rectangular wing, 1.9 million and 4.8 million for the swept-back wing, 
and 3.0 million and 7.5 million for the triangular wing. Data for the 
rectangular and swept-back wings at the lower Reynolds numbers were 
obtained at Mach numbers from 0.61 to 0.93 and from 1.20 to 1.90. The 
rest of the data did not cover the complete Mach mmber range because of 
either electrical power limitations of the wind tunnel or choking effects 
of the model on the air stream in the test section. 


Reduction of Date 


The test data have been reduced to standard NACA coefficient form. 
Factors which could affect the accuracy of these results, together with 
the corrections applied, are discussed in the following paragraphs. 


Tunnel-wall interference. Corrections to the subsonic results for 
the induced effects of the tunnel walls resulting from lift on the models 
were made according to the methods of reference 19. The numerical values 
of these corrections (which were added to the uncorrected data) were: 
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Wing plan form Swept back {Triangular 


d .0095 or? .0095 c .016 c4? 


No corrections were made to the pitching-moment coefficients. 


Ihe effects of constriction of the flow at subsonic speeds by the 
tunnel walls were taken into account by the method of reference 20. This 
correction was calculated for conditions at zero angle of attack and was 
applied throughout the angle-of-attack range. At a Mach number of 0.91, 
the increase in the Mach number over that determined from a calibration of 
the wind tunnel without a model in place was 4 percent for the triangular 
wing model and 2 percent for the rectangular and swept-back-wing models. 


For.the tests &t supersonic speeds, the reflection from the tunnel 
walls of the Mach wave originating at the nose of the body did not cross 
the model. No corrections were required, therefore, for tunnel-wall 
effects. | | ; | | 


Stream variations. Tests of the triangular wing of reference 1 in E 
both the normal and inverted positions showed no stream curvature or = 
inclination. Tests of the rectangular and swept-back wings in both the 
normal and inverted positions have indicated a maximum apparent stream $ 
inclination of approximately -O. 10. The measured values of the apparent 
stream inclination were not consistent and, since unknown factors contri- | 
buted to this effect, no corrections were made to the data of this report. E 
The effects of stream curvature and stream inclination in the yaw plane pris 
of the models are not known, but are judged to be small according to the 
results of reference 21. | 


A survey of the &ir stream at subsonic and supersonic speeds has 
shown that there is a static-pressure variation in the test section of 
sufficient magnitude to affect the drag results. Corrections were added 
to the measured drag coefficients, therefore, to account for the longi- 
tudinal buoyancy caused by this static-pressure variation. These 
corrections varied from -0.0008 to +0.0009. 


Support interference.- At subsonic speeds, the effects of support 
interference on the aerodynamic characteristics of the models are not 
known. For the present tailless models, it is believed that such effects 
consisted primarily of a change in the pressure at the base of the model 
fuselage. In an effort to correct at least partially for this support 
interference, the base pressure of the model fuselage was measured and 
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the drag data were adjusted to correspond to a base pressure equal to 
the static pressure of the free stream. 


At supersonic speeds, the effects of support interference of & 
body-sting configuration similar to that of the present models are shown 
by reference 22 to be confined to a change in base pressure. The pre- 
viously mentioned adjustment of the drag for base pressure, therefore, 
wag applied at supersonic speeds. 


RESULTS AND DISCUSSION 


The lift, drag, and pitching-moment coefficients (for various angles 
of attack) for the rectangular and swept-back wing models, as well as 
for the triangular wing model? of reference 1, are presented in tables 
I to V. A summary of the aerodynamic characteristics of the models at 
the higher Reynolds numbers is presented in figure 3. The effects of 
Reynolds number are shown in figures l, 5, 6, and T. Pitching-moment 
curves for some subsonic Mach numbers at the lower Reynolds numbers were 
irregular through zero lift and the center-of-pressure locations for these 
Mach numbers are not presented. 


Effects of Wing Plan Form 


In the following discussion of the effects of wing plan form on 
various aerodynamic parameters, wings with similar thickness distributions 
are compared. The triangular wing having an NACA 0003-63 section is 
compared with the rectangular and swept-back wings having rounded-nose 
sections. 


Variations in plan form affected the lifií-curve slopes at supersonic 
speeds more than at subsonic speeds (fig. 3(&8)). As the Mach number 
increased in the supersonic speed range, the lift-curve slopes approached 
& constant value. For these three wings of the same aspect ratio, the 
lift-curve slope decreased as the leading-edge sweepback increased. At 
subsonic speeds, the lift curves for the rectangular and swept-back wings 
were nonlinear for lift coefficients greater than 0.1. The lift-curve 
slopes for these wings increased until a lift coefficient of approximately 


“te subsonic results of reference 1 have been corrected for Mach number, 
dynamic pressure, and base drag according to the results of a survey 
of the air stream in the Ames 6- by 6-foot supersonic wind tunnel 
performed after the publication of reference 1. A buoyancy correction 
was also computed and added to the subsonic results. 


kuwa 


8 o o 5 ss NACA RM A52L02. 


O.T was reached, then decreased at higher lift coefficients. The lift 
curves for the triangular wing were linear at all Mach numbers. 


The variation from rectangular to swept-back to triangular plan ý 
form reduced the variation of the center-of-pressure location (in percent 
of mean aerodynamic chord) with Mach number (fig. 3(b)). For these three 
wings, even though the length of the mean aerodynamic chord increased as 
the sweepback increased, the travel of the center of pressure in actual 
dimension was least for the wing of greatest sweepback. At subsonic 
speeds, the pitching-moment curves for the rectangular and swept-back 
wings were nonlinear for lift coefficients greater than 0.1. The center- 
of-pressure location for these wings moved rearward as the lift coeffi- Dole 
cient increased. The pitching-moment curves for the triangular wing were 
linear for all Mach numbers. 


The minimum drag coefficient at supersonic speeds (fig. 3(c)) was 
reduced by increasing the leading-edge sweepback. Wo general trends were 
concluded at.subsonic speeds since any variations with changes in plan 
form were probably less than those caused by differences between the 
thickness distributions of the NACA 0003-63 section and the rounded-nose 
section and by differences in the amount of wing area enclosed within PT 
the fuselage. l „ 


The decrease of minimum drag at supersonic speeds with increasing 
gweepback angle was reflected in higher maximum lift-drag ratios ' | 
(fig. 3(3)). The decrease of minimum drag more than offget the effect poe 
of the small decrease in lift-curve slope with increasing sweepback angle. 
At subsonic speeds, the effect of plan form on the maximum lift-drag ratio 
was opposite to that at supersonic speeds. The decrease of lift which 
resulted from an increase in the sweepback angle contributed the major 
effect and caused a decrease in the maximum lift-drag ratio. 


Effects of Airfoil-Section Thickness Distribution 


Replacing the biconvex sections of the rectangular and swept-back 
wings with rounded-nose sections cauged only slight differences in the 
lift-curve slopes and center-of-pressure locations (figs. 3(a) and 3(b)). 


The minimum drag &t subsonic speeds of both the rectangular and 
swept-back wings was lower with the rounded-nose sections than with the 
biconvex sections (fig. 3(c)). The lower drag of the rounded-nose section 
resulted in higher maximum lift-drag ratios (fig. 3(d)). At supersonic 
speeds, the drag of the wings with rounded leading edges became higher at 
a Mach number of about 1.2 on the rectangular wing and (using lower 
Reynolds number data of figs. 6(a) and (b)) at a Mach number of 1.7 on ` 
the swept-back wing. It is estimated that these Mach numbers correspond ë 
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very nearly to the Mach numbers required for attachment of the bow shock 
wave on the sharp leading edges. In general, at supersonic speeds, the 
drag of sharp~leading-edge wings with detached bow waves might be expected 
to be greater than that of rounded-leading-edge wings. 


Effects of Reynolds Number 


T 


Small increases in the lift-curve slopes of both the rectanguiar 
and swept-back wings were obtained in the subsonic speed range by increas- 
ing the Reynolds number (fig. 4). No consistent viscous effects on lift- 
curve glope were evident &t supersonic speeds. 


The effect of Reynolds number on the center-of-pressure locations 
of the models wes greater at subsonic speeds than at supersonic speeds 
(fig. 5). The effects were slight, however ; and no consistent variations 
with Mach number were evident. 


The minimum drag coefficients of the models varied consistently with 
Reynolds number (fig. 6). For all models, an increase in Reynolds number 
caused an increase in drag. This was attributed to the larger areas of 
turbulent boundary layer at the higher Reynolds numbers and the accom- 
penying increased skin-friction drag of the turbulent boundary layer. 


The lower minimum drag of the wings with sharp leading edges at the 
lower Reynolds numbers shown in figure 6(a) was reflected in the higher . 
maximum lift-drag ratios shown in figure T(a). The wings with rounded 
leading edges also showed lower minimum drag at the lower Reynolds num- 
bers (fig. 6(b)), but an examination of the data showed a higher drag 
due to lift at the lower Reynolds numbers. This resulted in a slightly 
lower maximum lift-dreg ratio at subsonic speeds for both wings with 
rounded leading edges at the lower Reynolds numbers (fig. 7(b)). For 
these wings, the effects at supersonic speeds were slight, and not as 
consistent as those at subsonic speeds. 


CONCLUSIONS 


From the preceding discussion of the effects of plen form on the 
aerodynamic characteristics of three wings of aspect ratio 2 at subsonic 
and supersonic speeds, it is shown that variation in plan form from rec- 
tangular to swept back to triangular produces the following effects: 


1. Reduces the lift-curve slope 
2. Reduces the center-of-pressure travel with Mach number 
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3. Reduces the minimum drag coefficient at supersonic speeds 
l. Increases the maximum lift-drag ratio at supersonic speeds 


The minimum drag coefficients of wings at subsonic and supersonic 
speeds were found to be significantly affected by airfoil-section thick- 
ness distribution. The rounded-nose airfoil sections had less drag than 
biconvex airfoil sections at all subsonic speeds and at supersonic speeds 
for which the Mach number was less than that for the attachment of the 
bow wave to the sharp leading edge of the biconvex section. 


Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 
Moffett Field, California 
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WING WITH 3-PERCENT-THICK BICONVEX SECTION 


TABLE I.- AERODYNAMIC CHARACTERISTICS OF THE RECTANGULAR 
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WING WITH 3-PERCENT-THICK ROUNDED-NOSE SECTION 


TABLE ITI. AERODYNAMIC CHARACTER 
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TABLE III.- AERODYNAMIC CHARACTERISTICS OF THE SWEPT-BACK 
WING WITH 3-PERCENT-THICK BICONVEX SECTION | 
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TABLE IV. AERODYNAMIC CHARACTERISTICS de THE SWEPT-BACK 
WING WITH 3-PERCENT-THICK ROUNDED-NOSE SECTION 
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TABLE V.- AERODYNAMIC CHARACTERISTICS OF THE TRIANGULAR 
f WING OF REFERENCE 1 
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Equatlon of fuselage radii : 


fee hb 


All dimensions shown in inches. 


(a) Rectangular wing model. 


Figure J. Plan and front views of the rectangular, swept-back, 
and triangular wing models. 
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Equation of fuselage radil: | 
— fh- A) x All dimensions shown in inches. 
£ % fl 77 i 


26.46 


(b) Swept-back wing model, 


Figure J. Continued. 
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Equation of fuselage radil: 


£ C- ef 


Ail dimensions shown [n inches. 


(cJ) Triangular-wing model of reference /, 


Figure J. Concluded. 
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Figure A. Comparison of the biconvex airfoil section with the 
rounded-nose airfoil section. 
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3% biconvex 
2 & rounded nose 
— — NACA 0003-63, ref. ! 


Subsonic results applicable 
from €, = -0./ fo 6, x +O.. 
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(a) Lift-curve slope. 


Figure 3.— Effects of plan form and airfoil thickness distribution on various aerodynamic 


parameters. 
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‘Subsonic results applicable 


from G, = -0.1 to C, =* .J. 


Mach number, M- 


( b) Cenfer-of-pressure location. 


Figure 3.- Continued. 
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(c) Minimum drag coefficient. 


Figure 3.— Continued. 
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Mach number, M 
(d) Maximum lifft-drag ratio. 
Figure 3.- Concluded. 
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Subsonic results app//cab/e 
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(aJ) Sharp leading edges. 


Subsonic results epplicable 


from CL = —0./ fo C = *0.f. 
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(5) Rounded leading edges. 


Figure 4.-Effects of Reynolds number on the //f#-curve slopes of wings with sharp 
end rounded leading edges. 
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(b) Rounded leading edges. 
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Figure 5.-Effects of Reynolds number on the center-of-pressure focations of wings 


with sharp and rounded leading edges. 
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Minimum drag coefficient, CD min, 


Mach number, M 


(0/7 Sharp leading edges. 


Minimum drag coefficient, Co 
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(5) Rounded leading edges. 


Figura 6.- Effects of Reynolds number on the minimum drag coefficients of 
wings with sharp and rounded leading edges. 
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Maximum liff-drag ratio, ( Lo sox 


Mach number, M 


(a) Sharp leading edges. 


346 rounded nose 
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IN rounded nose 


Maximum l/ff-drag ratio, ( 2/7) vox. 


Mach number, M 


(b) Rounded /eading edges. 


Figure 7.-Effects of Reynolds number on the maximum /lifi-drag ratios of wings 
with sharp and rounded leading edges. 
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